The interplay between superconductor ͑S͒ and ferromagnetic ͑F͒ materials has been proven to be an excellent system for studying the proximity effect. One of the most interesting effects observed in F / S structures is the junction effect. Wave functions on two sides of interlayer can have a phase shift of , which induced a spontaneous current. One experimental evidence for a junction on Nb/ CuNi/ Nb small structures with current perpendicular to the plan ͑CPP͒ showed that the critical current density was not a monotonic function of temperature for certain CuNi thickness. 1 It is interesting to study the interface resistance at metallic interface between ferromagnetic, superconducting, and normal metal. Unfortunately, determining F / S interface resistance is not easy because the resistance is always zero in the S state when current is flowing in the layer plan ͑CIP͒. We report here the resistance of Co/ Nb x Ti 1−x multilayers for x = 0.4 and x = 0.6, with CPP measurement at 4.2 K. Then, we compare our data with the pure Nb case we have presented and analyze the influence of mean free paths and superconducting coherence lengths on the interface resistance. CPP resistance measurement is a powerful tool to quantitatively analyze metallic multilayer thin films through separating the interface and bulk contributions.
CPP samples were made by dc magnetron sputtering onto Si ͑100͒ substrates at room temperature. Eight samples could be fabricated in the same run to minimize error in different preparation conditions. Superconducting strips ͑see Fig. 1͒ were used as current and potential contacts for fourpoint measurements. The CPP sample required three contact masks, which were changed in situ to assure clean interfaces. As previously reported, 2 each sample had circular electrodes to ensure uniform measuring current throughout the whole multilayer sample. However, using such contacts leads to a possible problem due to the proximity effect between superconductor and normal metals ͑N͒. 3 The Cooper pairs can penetrate from S into N. As a result, the thin N layer near the N / S interface becomes superconducting. 4 This problem can be eliminated by placing ferromagnetic metal like Co next to the S electrodes. It was difficult to measure our CPP structure due to the 3.4 mm diameter of sample area, which results in a resistance less than 1 ⍀. Ever since the development of the Josephson effect based detectors, even such a small resistance, could be measured by a superconducting quantum interference device based picovolt meter. One set of multilayer was composed of NbTi alloy which had an atomic percent ratio of 40 to 60, while the other set had 60:40 ratio. The CIP samples were also made for Tc and resistivity measurement.
The bulk resistivities at 10 K measured on sputtered single films of Nb 40 Ti 60 and Nb 60 Ti 40 were 40 ⍀ cm and 80 ⍀ cm, respectively, with errors of about 10%. The Tc was determined by electrical resistivity measurement. The bulk Nb x Ti 1−x had Tc= 8.8 and 7.0 K for x = 0.4 and 0.6, respectively. When Nb x Ti 1−x films were sandwiched between Co, it was clearly found that there were critical thicknesses of 20 nm for x = 0.4 and 27 nm for x = 0.6, below which no superconducting transition could be found. Since the Cooper pairs in S were subjected to pair breaking by the strong exchange field of Co at the S / F interfaces, with decreased S thickness, Tc showed a continuous reduction down to a critical thickness. Detailed analysis using Radovic's model 5, 6 will be presented elsewhere. When S thickness was thinner than the critical values, we had N / F multilayers; when S was thicker, we had S / F multilayers. In the present experiment, we focused upon samples in which the thicknesses of NbTi, Co were fixed and the numbers of layers were varied. We could organize our CPP samples into four groups: ͑1͒ the Nb 40 Ti 60 thicknesses were fixed at 8 nm for normal state; ͑2͒ the Nb 40 Ti 60 thicknesses were fixed at 80 nm for superconducting state; ͑3͒ the Nb 60 Ti 40 thicknesses were fixed at 15 nm for normal state; and ͑4͒ the Nb 60 Ti 40 thicknesses were fixed at 80 nm for superconducting state. In all series of samples, the Co thicknesses were fixed at 20 nm and the numbers of bilayers were varied.
We found the CPP resistance was linearly proportional to the number of bilayers for all four sets of samples. Plots of the product of sample area A and total resistance R against bilayer number N are given in Fig. 2 for Co/ Nb 40 Ti 60 multilayers. The dash lines in Fig. 2 are least-squares fits to each set of data. Parkin reported antiferromagnetic coupling of Co through 0.9 nm of Nb, but no further coupling for large thickness. 7 Therefore, according to a one-band mode, the linear behavior of AR against N can be written as AR T =2AR F/S͑S͒ + F t F + N͑ F t F + S t S +2AR F/S͑N͒ ͒ for normal NbTi and AR T =2AR F/S͑S͒ + F t F + N͑ F t F +2AR F/S͑S͒ ͒ for superconducting NbTi. Here R T is the measured total resistance of multilayers, t is the thicknesses, is the resistivities, and R F/S͑N͒,͑S͒ is the interface resistances between Co and Nb x Ti 1−x layers for normal and superconducting states, respectively. For an individual fit to the data set of Nb 40 Ti 60 = 80 nm, we can write AR T = C 1 + C 2 N with C 1 = C 2 =2AR Co/Nb 40 Ti 60 ͑S͒ + Co t Co . In Table I , we see the value of C 1 and C 2 are within mutual uncertainties. Because of the two sets of data share the same parameter, we can perform a global fit to all data simultaneously. This gives C 1 = C 2 = 11.3± the residual ͑S / N͒ boundary resistance can be written as
͑1͒
where l a = ͑ /2͒ is the extinction length in S of the electron evanescent wave from N, is the intrinsic coherence length in S, 0 l 0 is the product of bulk resistivity 0 and the mean free path l 0 , and s l s is the product of s and l s , when S is in the normal state just above Tc. The second from Eq. ͑1͒ shows that AR should be proportional to s l a . In a prior work, 9 the data were compatible with a linear dependence on the resistivity up to at least 20 ⍀ cm. Therefore, we want to test the linear dependence of AR on s l a predicted by Eq. ͑1͒. 
